The insertion sequence element IS 8301 isolated from the radiation resistant bacterium Deinococcus radiodurans strain KD8301 was characterized. IS 8301 is comprised of 1,736-bp, lacks terminal inverted repeats and does not duplicate target DNA upon its insertion. The amino acid sequence homology of two open reading frames encoded in IS 8301 indicates that this insertion sequence element belongs to the IS 200 /IS 605 group. There were seven loci completely identical with the IS 8301 sequence in the published D. radiodurans R 1 genome sequence. The genome distribution profiles of IS 8301 in strain KD8301 as well as in the three different laboratory isolates (KR 1 , MR 1 , and R 1 ) of wild-type D. radiodurans were investigated using genomic hybridization analysis. At least 21 strong hybridization signals were detected in strain KD8301 while only one hybridization signal was detected in strain KR 1 , the parent strain of KD8301. In strain MR 1 , a different wild-type isolate, six strong hybridization signals were detected. In spite of the identification of seven copies of IS 8301 in the published D. radiodurans R 1 genome sequence, only one hybridization signal was detected in strain R 1 purchased from American Type Culture Collection. Using inverse PCR and sequencing analyses, total 13 different insertion loci of IS 8301 in the D. radiodurans genome were identified. Sequence comparison of the flanking region of insertion sites indicated that the sequence 5'-TTGAT-3' preceded the left end of IS 8301 in all cases.
INTRODUCTION
An insertion sequence (IS) element is a mobile genetic element that is commonly found in the genome of prokaryotes and eukaryotes. Insertion of a transpositionally active IS element can disrupt a gene or activate a downstream gene by its internal promoter. An IS element can also cause various kinds of genome rearrangements including deletions, inversions, and duplications, by virtue of its ability to transpose. Consequently, they play a major role as determinants of the polymorphism and genetic instability of their hosts (Ohtsubo and Sekine, 1996; Mahillon and Chandler, 1998; Chandler and Mahillon, 2002) .
Deinococcus radiodurans is a eubacteria-type bacterium that is red-pigmented and nonsporing. D. radiodurans first isolated in 1956 from γ -irradiated meat was designated strain R 1 (Anderson et al., 1956 ). Members of this species are characterized by extraordinary radiation resistant phenotype, which is considered to be due to its inherent highly proficient DNA repair capacity (Moseley, 1983; Battista, 1997) . The most noteworthy characteristic is a remarkable capacity for rejoining DNA doublestrand breaks. At 3 kGy of γ -irradiation, the D. radiodurans genome sustains over 100 such breaks. However, they are perfectly rejoined during post-irradiation incubation.
A computational analysis of the D. radiodurans R 1 genome sequence revealed that IS elements are abundant in this bacterium than in the other sequenced bacterial genomes (Makarova et al., 2001 ). In total, 52 IS elements were detected in D. radiodurans genome. The three most abundant IS elements were IS 4 _DR (13 copies), IS 2621 (11 copies), and IS 605 _DR (8 copies). If the number of IS elements is a reflection of transposition activity, this would be expected to cause genome instability and result in high levels of genome rearrangement in D. radiodurans . There is, however, little experimental evidence detailing transposition in D. radiodurans .
For D. radiodurans wild-type strain, it has been reported that there are two isolates from the original R 1 ; strains MR 1 and KR 1 . They are different from each other in several respects including the growth in minimal medium (Harsojo et al., 1981) , the sensitivity to mitomycin-C (Kitayama et al., 1983) and the plasmid profile (Kikuchi et al., 1994) . To facilitate biochemical and genetic experiments using D. radiodurans , Kitayama and Matsuyama generated strain KD8301 by transforming a DNase-deficient and adenine auxotroph of strain KR 1 with DNA from a streptomycin-resistant strain of KR 1 (Kitayama and Matsuyama, 1975) . Strain KD8301, which maintains DNA damage resistance as does the wild-type, has been used in several experiments including the isolation of a unique Z-form double-stranded DNAbinding protein (Kitayama et al., 1988) and the construction of cosmid and λ libraries (Narumi et al., 1997; Kitayama et al., 1997) for studies on the DNA repair mechanisms of D. radiodurans . A physical map of strain KD8301 has also been constructed (Kikuchi et al., 1999) . The genome of strain KD8301 consisted of two chromosomes (chromosome I, 2.6 Mb; chromosome II, 0.4 Mb) and one megaplasmid (0.2 Mb). On the other hands, genome sequence analysis of D. radiodurans strain R 1 has revealed that the genome consists of two chromosomes (chromosome I, 2.65 Mb; chromosome II, 412 kb), one megaplasmid (177 kb), and one plasmid (46 kb) . The genome size and organization of the two strains were quite similar except that a 46-kb plasmid was present only in strain R 1 .
In this study, we characterized IS 8301 found in D. radiodurans strain KD8301 and showed that this strain carried extensive copies of IS 8301 compared to other wildtype isolates.
MATERIALS AND METHODS
Strains, cosmids and plasmids. D. radiodurans strains MR 1 (Moseley, 1967) , KR 1 (Anderson et al., 1956) , R 1 (ATCC 13939), and KD8301 (Kitayama and Matsuyama, 1975) (Narumi et al., 1997) . Plasmid pSI35 is a pUC19 derivative carrying a 6.2-kb Eco RI fragment from pDC509.
DNA manipulation and analysis. DNA manipulations including DNA isolation, transformation and subcloning in Escherichia coli were performed using standard methods (Sambrook and Russell, 2001 ). Pulsedfield gel electrophoresis and Southern blot hybridization were performed as described (Kikuchi et al., 1999) . Protein similarity searching was performed using the algorithm of Altschul et al. (1997) . Multiple alignments were generated by the CLUSTAL W program (Thompson et al., 1994) .
Inverse PCR. Genomic DNA was digested with Eae I and then ligated using T4 DNA ligase. Inverse PCR was carried out on the ligated circular DNA using Ampli Taq Gold DNA polymerase in the presence of oligonucleotide primers 5'-TTCCGCTTTTCATCGCC-3' (corresponding to the near 5'-end of IS 8301 ) and 5'-CAATGGTCTGCGAA-GTG-3' (corresponding to the near 3'-end of IS 8301 ). The PCR products were then ligated to the pGEM-T TA cloning vector, and the nucleotide sequence of the region flanking IS 8301 was determined using universal sequencing primers.
RESULTS AND DISCUSSION
Identification of IS 8301 . In a previous study, we constructed a physical map of D. radiodurans strain KD8301 (Kikuchi et al., 1999) . The D. radiodurans genome could be separated into eleven resolvable Not I fragments using pulsed-field gel electrophoresis. In an effort to arrange the fragments in order, we screened a cosmid library for the presence of the Not I junction, and identified several cosmid clones that gave two junction signals following Southern hybridization (Kikuchi et al., 1999) . In the course of the screening, we found that a cosmid clone, pDC509, displayed a somewhat unexpected hybridization pattern. Although pDC509 (Fig. 1A , lane 4) could hybridize with two Not I-fragments that were recognized by pDC368 (Fig. 1A, lane 3) , several weak hybridization signals were also detected in pDC509. We hypothesized that these weak signals may be due to an IS element that is present in the D. radiodurans KD8301 genome in multiple copies. To test our hypothesis, the Eco RI restriction patterns of pDC368 and pDC509 were compared. As shown in Fig. 1B , each cosmid had five fragments in common. In addition, pDC509 had three unique fragments consisting of 6.2, 5.5 and 3.6 kb. These fragments were probed for hybridization to the Not I-digested KD8301 genome, and only the 6.2-kb fragment gave hybridization signals similar to that obtained when pDC509 was used as a probe (data not shown). Sequence comparisons between the aforementioned three fragments and the D. radiodurans R 1 genome sequence from the public database revealed that the 6.2-kb Eco RI fragment is located at the end of the insert DNA in pDC509 (Fig. 1C ). In the 6.2-kb region, the sequence was completely consistent with the D. radiodurans R 1 genome sequence, except that a 1,736-bp insertion sequence was found between nucleotide positions 1,752,975 and 1,752, 976 in chromosome I (Fig. 1D) . The IS, designated IS 8301 , intervened a middle portion of DR1726 that codes for a hypothetical protein.
Characterization of IS 8301. The nucleotide and deduced amino acid sequence of IS8301 is shown in Fig.  2 . The DDBJ/EMBL/GenBank accession number for IS8301 is AB016803. The G + C content of IS8301 was low (52.7%) compared to that of the D. radiodurans genome (66.6%) , suggesting horizontal acquisition. Two open reading frames (orf1 and orf2) were found in the IS8301 sequence. As shown in Fig. 3A and Fig. 3B , the putative amino acid sequence of orf1 and orf2 had homology to transposases found in other IS elements that belong to the IS200/IS605 group (Mahillon and Chandler, 1998; Chandler and Mahillon, 2002) . The amino acid sequence of orf2 included a highly basic amino acid composition (with a predicted isoelectric point of 10.5), and contained a zinc-finger DNA-binding motif near its C-terminus, suggesting DNA-binding ability that is a common feature of transposases. Like other IS elements belonging to the IS200/IS605 group, IS8301 did not carry terminal inverted repeats. While a set of open reading frames in the Helicobacter pylori, Dichelobacter nodosus and Methanosarcina acetivorans elements was transcribed in a divergent manner, the two reading frames found in IS8301 and the Clostridium perfringens element were transcribed in the same direction (Fig.  3C) . A similar arrangement is found in the Halobacterium element ISH1-8, a distantly related member of the IS200/IS605 group (Mahillon and Chandler, 1998) . Makarova et al. (1999) annotated the D. radiodurans R 1 genome sequence and found eight copies of IS605_DR (~1,060 bp in length). These authors noted that the precise length of IS605_DR could not be determined because of their heterogeneity. We searched the IS8301 sequence in the public database of the D. radiodurans R 1 genome and found that there were seven loci completely identical with the IS8301 sequence. In addition to this, there was one region that showed an 80.9% match with the IS8301 sequence. Although no sequence information about IS605_DR is available in the public database of the D. radiodurans R 1 genome, we assume that IS605_DR is most likely IS8301. The nucleotide sequences flanking the IS8301 insertion site in the D. radiodurans genome as well as in pDC509 from strain KD8301 are summarized in Fig. 4 . In all cases, IS8301 inserted 3' to the sequence 5'-TTGAT-3' such that the left end of IS8301 is proximal to the target sequence, and did not duplicate the target site upon insertion.
Genome distribution of IS8301. We then examined the copy number and locations of IS8301 in D. radiodurans strain KD8301 as well as in the different laboratory isolates of wild-type D. radiodurans. Genome DNA was completely digested with NgoMI and then probed with a 1,465-bp BspHI fragment internal to IS8301; IS8301 completely lacks any NgoMI sites. While there was only one hybridization signal in strain KR 1 , at least 21 strong hybridization signals were detected in strain KD8301 that is a KR 1 derivative (Fig. 5, lanes 1 and  2) . In strain MR 1 , a different wild-type isolate, six strong hybridization signals were detected (Fig. 5, lane 3) . Weak hybridization signals were also found in strains MR 1 and KD8301. This may be due to the presence of incomplete IS8301 copies resulting from mutations such as deletions, as has been previously demonstrated in other bacterial IS elements (Kaneko et al. 1966; Blattner et al. 1997; Tomb et al. 1997; Takami et al., 2001) .
The abundance of IS8301 in strain KD8301 indicates that transposition events had occurred repeatedly. D. radiodurans strain KD8301 was generated by transforming a DNase-deficient and adenine auxotroph of strain KR 1 with DNA from a streptomycin-resistant mutant of KR 1 (Kitayama and Matsuyama, 1975 including heat shock, cold shock and 1-week starvation (Lipton et al., 2002; Liu et al., 2003) . Therefore, many triggers are conceivable for the transposition of IS elements.
There was a difference in the IS8301 genome distribution profiles between the two wild-type isolates, KR 1 and MR 1 (Fig. 5, lanes 2 and 3) . The former isolate was obtained from A.W. Anderson (Oregon Agricultural Experiment Station) in the 1960s, and the latter was obtained from B. E. B. Moseley (Edinburgh University) in the early 1980s (Harsojo et al., 1981) . We speculate that repeated transposition events had occurred during the subcultivation of strain MR 1 in Moseley's laboratory.
As mentioned above, seven complete IS8301 sequences were found in the published D. radiodurans R 1 genome sequence. However, strain R 1 that was purchased from American Type Culture Collection contained only a single IS8301 copy (Fig 5, lane 4) . This discrepancy can be accounted for by the fact that there were two different isolates of the D. radiodurans R 1 type strain in American Type Culture Collection; ATCC13939 (RF18410) and ATCC13939 (RF78101), and that the latter was used to determine the D. radiodurans genome sequence (Southworth and Perler, 2002) . The R 1 strain we used in this study is most likely to be ATCC13939 (RF18410).
Identification of insertion locus.
To determine the insertion loci of IS8301 in strain KD8301 and the three wild-type isolates, inverse PCR was performed as described in Materials and Methods. As a result, 13 different insertion sites of IS8301 could be identified (Fig.  6 ). There was an identical insertion site in all strains examined, which corresponded to the same site as insertion site #5 in Fig. 4 . This insertion site may correspond to a common 3-kb hybridization signal found in Fig.  5 . In all insertion sites, the TTGAT sequence preceded the IS8301 sequence as demonstrated in Fig. 4 , and target duplication upon insertion was not observed. By a comparison of the determined sequence with the D. radiodurans R 1 genome sequence, the gene disrupted by the transposition of IS8301 could be determined (Fig. 6) . Gene disruption by the insertion of IS element has also been reported for IS2621 (Narumi et al., 1997) that exists in 11 copies in D. radiodurans R 1 (Makarova et al., 2001) . However, this genetic instability caused by IS elements does not necessarily mean that IS elements presented in multiple copies cause high levels of genome rearrangement in D. radiodurans. Regardless of the presence of multiple copies of IS8301 in strains R 1 and KD8301, the genome organizations of the both strains are quite similar in the NotI restriction map level Kikuchi et al., 1999) . 
